Background: Quantifying multiple phenotypic aspects of individual craniofacial bones across early osteogenesis illustrates differences in typical bone growth and maturation and provides a basis for understanding the localized and overall influence of mutations associated with disease. We quantify the typical pattern of bone growth and maturation during early craniofacial osteogenesis and determine how this pattern is modified in Fgfr2 1/P253R Apert syndrome mice. Results: Early differences in typical relative bone density increase are noted between intramembranous and endochondral bones, with endochondral bones normally maturing more quickly during the prenatal period. Several craniofacial bones, including the facial bones of Fgfr2 1/P253R mice, display lower volumes during the earliest days of osteogenesis and lower relative densities until the perinatal period relative to unaffected littermates. Conclusions: Estimates of bone volume and linear measures describing morphology do not necessarily covary, highlighting the value of quantifying multiple facets of gross osteological phenotypes when exploring the influence of a disease causing mutation. Differences in mechanisms of osteogenesis likely underlie differences in intramembranous and endochondral relative density increase. The influence of the FGFR2 P253R mutation on bone volume changes across the prenatal period and again after birth, while its influence on relative bone density is more stable. Developmental Dynamics 000:000-000, 2014. V C 2013 Wiley Periodicals, Inc.
INTRODUCTION
The skull is morphologically, evolutionarily, and developmentally complex, making the study of normal craniofacial osteogenesis relevant for a large number of research questions. Moreover, an understanding of skull development is important for the design of therapeutic agents for the large number of medical syndromes that include craniofacial dysplasias. While the genetic pathways and developmental mechanisms associated with phenotypes such as cleft palate (e.g., GritliLinde, 2008; Dixon et al., 2011; Bush and Jiang, 2012) and craniosynostosis (e.g., Cohen and Maclean, 2000; Morriss-Kay and Wilkie, 2005; PassosBueno et al., 2008) have been a focus of research, osteogenesis of whole craniofacial bones is less well understood, particularly in the case of intramembranously ossified bones.
Quantification of normal patterns of craniofacial bone growth and development can provide insight about how differences in cellular origin, mode of ossification, and initial timing of ossification may be associated with variation of skull phenotypes. In addition, quantifying how mutations associated with craniofacial dysmorphology change these baseline patterns of growth and development can help reveal how mutations lead to changes in skeletal phenotype through dysregulation of developmental systems, thereby contributing to the development of therapeutic treatment. Landmark based morphometrics has become a standard way to quantify important changes in gross bone morphology across the skull that are based in known mutations associated with human syndromes (e.g., Olson et al., 2004; Perlyn et al., 2006; Hill et al., 2007; Boughner et al., 2008; Hallgr ımsson et al., 2009; Mart ınez-Abad ıas et al., 2010; Schmidt et al., 2010; Percival et al., 2012) and to identify locations for targeting specific sites for cellular analyses (Mart ınez-Abad ıas et al., 2013). Landmarkbased measures estimate important aspects of craniofacial bone phenotype. However, the quantification of additional facets of skull phenotype, including bone volume and density, can provide additional complementary data on the nature of skeletal variation and can serve as the basis for additional nuanced hypotheses about the origins of normal and syndromic skeletal variation.
In this study, we quantify important aspects of pre-and perinatal growth and maturation for individual craniofacial bones, and then determine how this pattern is modified by the Apert syndrome associated Fgfr2 P253R mutation. Here, growth refers to changes in bone quantity while maturation refers to changes in bone quality over development. Previous analysis of Fgfr2 þ/P253R Apert syndrome mice indicated that mutants can be identified as early as embryonic day (E) 16.5 by their relatively domed heads (Yin et al., 2008) , that coronal fusion is evident along with changes in cell activity during the fetal period and that skull size is smaller at birth (Holmes et al., 2009; Wang et al., 2010; Mart ınez-Abad ıas et al., 2010) . Both intramembranous and endochondral ossification processes are known to be influenced by the P253R mutation (Yin et al., 2008; Wang et al., 2010) and although dysmorphology may be more apparent in the facial skeleton, dysmorphology appears elsewhere in the skull of Fgfr2 þ/P253R mice (Mart ınez-Abad ıas et al., 2010; Du et al., 2010) . Therefore, we hypothesize that all individual craniofacial bones of Fgfr2 þ/P253R mice will display reduced bone volume and relative bone mineral density from the time of initial ossification through the postnatal period, although bones previously associated with early suture fusion (frontal and parietal bones) and those with known shape changes (maxilla, premaxilla, palatine, nasals) are expected to display more severe reductions.
EXPERIMENTAL PROCEDURES Sample and Imaging
We use the previously described Apert syndrome Fgfr 1/P253R mouse model in this study ) and half do not express this mutation (Fgfr2 þ/þ ). Based upon timed mating and evidence of pregnancy, litters were sacrificed on embryonic days (E) 14.5, 15.5, 16.5, 17.5 and postnatal days (P) 0 and 2. The E17.5, P0, and P2 mice in this study were used in previous landmark based morphometric analyses Mart ınez-Abad ıas et al., 2010; Motch et al., 2012; Hill et al., 2013) . After sacrifice, specimens were fixed in 4% paraformaldehyde and stored in 0.01 M phosphate buffered saline with sodium azide as an antibacterial agent. Care and use of mice for this study were in compliance with relevant animal welfare guidelines approved by Mount Sinai School of Medicine and Pennsylvania State University Animal Care and Use Committees.
High resolution micro-computed tomography (mCT) images of mouse heads (Table 1) were acquired in air at the Center for Quantitative X-Ray Imaging at Pennsylvania State University (www.cqi.psu.edu) using an OMNI-X Universal HD600 industrial x-ray computed tomography system (Varian Medical Systems, Palo Alto CA). Solid hydroxyapatite phantoms (QRM GmbH, M€ oehrendorf, Germany) scanned with each set of skulls allowed us to linearly associate relative x-ray attenuation values with bone mineral density estimates.
Bone Volume and Density Histograms
Using Avizo software (Visualization Sciences Group, Burlington, MA), partial density of hydroxyapatite were manually identified (segmented) from mCT images of E15.5, E16.5, and E17.5 skulls (no bone was detected in the mCT images of E14.5 specimens). Manual segmentation minimizes segmentation error associated with the relatively low levels of ossification within embryonic bones. Craniofacial bones of the larger and more highly ossified P0 and P2 specimens were segmented using a modified version of a previously described semi-automatic segmentation method . After segmentation of specimens of all ages, a histogram of 126 bone density values between 74.0 and 372.2 mg/mm 3 partial density of hydroxyapatite ( Fig. 1 ) was estimated for each identified bone. Because of image saturation for some bones of the older specimens, the highest density values may include volumes of bone above the maximum density value.
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Measurements from 16 bones serve as the basis of our analysis (Fig. 2) . For each age-genotype associated group of mice, either the right or left version of bilateral bones (shown previously to display similar measures within individuals; Percival, 2013) was chosen for analysis based on segmentation accuracy. Teeth were not segmented during manual segmentation of embryonic specimens to avoid confounding them with surrounding bone. For older specimens, teeth were manually segmented independently and their density histograms were subtracted from associated bone density histograms before analysis.
Total individual bone volumes, the sum of histogram values for all densities multiplied by the mCT image resolution, were compared between the genotypes within age categories with two-sample Wilcoxon (MannWhitney) tests (a ¼ 0.05), including Bonferroni correction for multiple testing, using R (R Developmental Core Team, 2008) . Mean total bone volumes, calculated for each agegenotype combination, serve as a proxy for bone size, while differences in volume between ages represent bone growth. Mean individual bone volumes standardized by the total bone volume of the 16 bones under study represent relative bone size at each age-genotype combination.
Standardized bone density histograms were calculated for each specimen by dividing each entry of the voxel count filled bone density histograms by the total number of voxels associated with that bone. This standardizes voxel counts by total bone volume, removing variation associated with differences in scale. Mean standardized bone density histograms were calculated for the bones of each agegenotype combination. Spline curves approximating these standardized histograms, called relative density curves, serve as the basis for subsequent density analysis ( Fig. 1) and provide the basis for the quantitative evaluation of bone maturation.
Using the Fgfr2 þ/þ relative bone density curves as a comparative, normative bone maturation baseline, functional regression analysis was performed with the fda package in R (Ramsay et al., 2009) , to determine the influence of the P253R mutation on bone maturation across the earliest stages of craniofacial ossification. Because image saturation in some bones of the older specimens has a strong artificial influence on functions estimated from histograms, the five highest bone density values were not included in functional analysis. Using the remaining 121 values from the standardized histograms, cubic spline functions were estimated for each bone using five knots. Functional multivariate regressions were computed across density values (d) for each bone with Age as a numerical covariate, Genotype as a binary covariate, and with an optional Age*Genotype interaction term using the following model: [P0, P2] ) were computed for each bone to identify differences in the effects of the P253R mutation before and after birth. For each bone, regressions were estimated only for those age classes in which the bone could be measured in all specimens. The 95% confidence intervals of the resulting coefficient curves were computed to determine the statistical significance of the effect of the associated covariate.
RESULTS

Volume Analysis
Ossified portions of some of the 16 bones identified from mCT images display gross differences in extent and shape between Fgfr2 þ/P253R Apert model mice and their unaffected lit-
The ossified volume of the skull increases every day between E15.5 and postnatal day P2 (Table 2) , with no significant difference in overall bone volume between the genotypes at any age. The proportional mean volume of individual elements varies between ages (Table 2 ). Further illustrations of bone extent and volume are available at www.getahead.psu.edu/ApertDenVol for interested readers.
The volumes of specific elements differ between genotypes at some ages, suggesting strong trends (Figs. 3, 4) . At E15.5, Fgfr2 þ/P253R mice display (nonsignificant) lower mean volumes than Fgfr2 þ/þ mice across all relatively well-ossified bones (Fig.  3A) . Importantly, removing a single Fgfr2 þ/P253R mouse of particularly high ossification from the sample changes to significant the differences in volumes of SquT, Max, and PMax between Fgfr2 þ/þ and Fgfr2
mice, revealing the effects of strong intra-group variation on analytical results. The bones of E16.5 Fgfr2
mice have lower or similar mean volumes relative to Fgfr2 þ/þ ( Fig. 3B ). At E17.5, bone volumes are not significantly different between the genotypes (Fig. 3C ). P0 Fgfr2 þ/P253R mice display higher mean volumes than Fgfr2 þ/þ for some bones and lower for others ( Fig. 4A ). At P2, the volumes of six bones are significantly reduced in Fgfr2 þ/P253R mice (Fig. 4B ). Because of relatively high levels of semiautomatic segmentation error for Pal, PSph, SphA, and SphB in P2 mutants, the results for these bones
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at P2 and in the postnatal regression should be accepted with caution.
Histogram Analysis
Bone density histograms summing all density values within identified bones were standardized by total bone volume to serve as a basis for comparing relative bone densities across specimens. Functional representations of these standardized bone density histograms, called relative density curves, were used as the basis of statistical comparisons of relative bone density ( Fig. 1) . Relative density curves of Fgfr2 þ/þ mice, representing each age of a given bone, were plotted together to illustrate typical changes in relative bone mineral density. Most bones display very low relative density at E15.5, but mature in one of three ways ( Fig. 5 ; Table 3 ). Group 1 (continuous increase) bones display a consistent and continuous change from low relative bone density to higher density across the age range (Fig. 5A,B) . Group 2 bones (medium density) display an intermediate relative bone density from E16.5 to P2 ( Fig. 5C -E). Group 3 bones (low density) retain a low relative bone mineral density until the postnatal period, when increase in relative density often occurs between P0 and P2 ( Fig. 5F-H) . A strong increase between P0 and P2 is particularly apparent for bones of group 3, but not limited to this group. Illustrations of relative density curves for all skull bones are available at www.getahead.psu.edu/ApertDenVol for interested readers.
Functional multivariate regressions of relative density curves for each specimen indicated that Age and Genotype are significant factors in 
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Above are mean total volumes of the 16 bones under study by age measured as mm 3 , with standard deviation in parentheses. Below is the mean relative volume of each bone by age and genotype, calculated as the percentage of mean total bone volume at the associated age, with standard deviation in parentheses. Bone abbreviations are defined in Figure 2 . A graphical illustration of this table can be found at www.getahead.psu.edu/ApertDenVol by interested readers.
influencing relative bone density. The addition of an interaction term between Age and Genotype in the regressions did not qualitatively change the results, so we report the results of the regressions without the interaction term. Most bones show a significant age effect for which the proportion of low density bone strongly decreases with age and the proportion of higher density bone increases with age more subtly (Figs. 6, 7) . The bones that display weak or nonsignificant age effects are IPar, Man (Fig. 6D) , PetT, and Max for the prenatal regression (E15.5-P0), and LatO (Fig. 7C) for the postnatal regression (P0-P2). Bones that typically display more obvious changes in relative density curves across the ages and proportionally more high density bone (Fig. 5 ) also tend to have age effect coefficients that remain significant across a wider range of density values (Figs. 6, 7) .
In all cases of a significant effect of Genotype on relative bone density, the FGFR2 P253R mutation is associated with a higher proportion of low density bone and a lower proportion of higher density bone, which is similar to a reduction in the value of the Age covariate. For prenatal regressions, genotype has a significant effect for Man (Fig. 6D) , Max, SquT (Fig. 6A) , and PMax, while PetT and Pal display a weakly significant genotype effect. For postnatal regressions, genotype has a significant effect on Max, SquT, Pal, and a weak effect on Man (Fig.   7D ), Fro (Fig. 7B) , PetT, and SquO. For bones that display a significant genotype effect, the relative density curves of Fgfr2 þ/P253R mice tend to cluster separately from the Fgfr2 þ/þ mice for all ages. This contrasts with bone volumes that show inconsistent differences between Fgfr2 þ/P253R and Fgfr2 þ/þ across the ages (Figs. 3, 4) .
DISCUSSION Bone Volume and Relative Density Quantification
We have delineated a method that takes advantage of the properties of mCT to provide novel measurements of bone growth and maturation across the earliest periods of craniofacial ossification, filling a void left by more traditional approaches. mCT provides direct 3D representations of ossified volumes, allowing quantification of their shape, size, relative density, and spatial association. The variation in measures noted between specimens of the same genotype is typical of quantitative analyses of unscaled phenotypes in mouse models (e.g., Hill et al., 2007; Boughner et al., 2008) . Measurements of bone volume and density based on phantom-calibrated mCT images are likely to be lower than values produced by other methods, including whole-mount staining and histology. This is due to comparatively lower spatial resolution of mCT and because mineralized tissue is identified in mCT images rather than initial collagen or calcium deposits or expression of other early bone markers visualized with some staining techniques.
Normal Craniofacial Bone Maturation and Growth
Our estimates of "typical" bone density, based on unaffected littermates, vary considerably within litters and may be specific to the C57BL/6 background (Beamer et al., 1996 (Beamer et al., , 2001 . Improvements in identifying the relative developmental age of the embryonic craniofacial complex, as done for limb buds (Boehm et al., 2011) , may enable more precise age-phenotype associations.
Ontogenetic changes revealed in mean relative density curves of Fgfr2 þ/þ mice serve as a proxy for Fig. 2 . Analysis of bones identified from the right lateral view of mCT images of representative specimens at embryonic day (E) 15.5, E16.5, E17.5, and postnatal day (P) 0 for both genotypes. Bones being analyzed are brightly colored, while the rest of the skull is transparent gray. There are some noticeable differences in individual bone shape and extent between the genotypes at each age. Bones are identified by name and abbreviation on the Fgfr2 þ/þ P0 specimen. The rostral aspect of the skulls is to the right and the dorsal aspect is toward the top of the page. Images are not to scale. Higher resolution images displaying bone extent for all ages from right lateral and ventral views are available at www.getahead.psu.edu/ApertDenVol for interested readers.
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normative bone maturation trajectories. Qualitative comparisons of these curves revealed three patterns of maturation. All cranial bones in group 1 (Fig. 5A,B ) ossify endochondrally and display an increase in relative bone density for each age interval from initial ossification until P2, as well as a peak in their curves at later ages. Significant age coefficients from prenatal, but not necessarily postnatal, multivariate regressions of early ossifying members of group 1 match this interpretation. Ossification within a cartilage model appears to promote a quick increase in relative bone density after initial ossification, although the pace of density increase may slow after birth.
Group 2 and 3 bones maintain a stable level of relative bone density even as their volumes increase during the earliest ages of ossification (Figs. 3, 4) . The intramembranous bones of group 2 ( Fig. 5C-E ) sustain weakly convex curves between E16.5 and P0 or P2, which represent moderate relative bone density without much increase. Group 3 bones (Fig. 5F-H) , which tend to ossify in the more peripheral regions of the skull, retain a steep convex curve of relatively low density until an increase between P0 and P2. PetT is the exception, having a more central location in the cranial base but retaining low density prenatally.
Fundamental differences between intramembranous and endochondral osteogenesis may account for increased relative density of most endochondral bones during the embryonic period and moderate or low relative density of intramembranous bones before postnatal density increases. Cartilage models of endochondral bones roughly reflect the shapes of associated adult bones (Eames and Schneider, 2008) . Intramembranous ossification requires sustained proliferation of precursor cells within mesenchymal condensations that do not resemble their ossified versions until after ossification has already begun within the condensations (LanaElola et al., 2007; Yoshida et al., 2008) . Perhaps this early proliferation of mesenchyme precursors occurs at the expense of higher densities of differentiating osteoblasts within intramembranous bones during the earliest stages of ossification.
The PetT may represent an important exception to the idea that endochondral bones mature more quickly during initial ossification. The PetT exists primarily as a relatively small ossified annulus for much of the embryonic period until a swift and substantial increase in PetT volume occurs between P0 and P2 (Table 2) . In this way, it may be similar to SquO and PSph, which do not ossify until later in development, but mature very quickly once initiated. If the annulus is disregarded from our measurement of the PetT, because its developmental origin is distinct from the rest of the bone (Kardong, 2012) , it is possible that the curves of PetT would fall in group 1, particularly if measurements after P2 were available.
Effect of the P253R Mutation on Bone Growth
We reject our hypothesis that all individual craniofacial bones of Fgfr2 þ/P253R mice display reduced bone volume and relative bone mineral density from initial ossification into the postnatal period. Instead, certain bones are significantly reduced while others are not. In addition, the influence of the P253R mutation on bone volume changes across the prenatal period and then again postnatally, while the influence of genotype on relative density curves of each bone is stable across ages. These differences in volume and relative . Dots represent outlier values that are more than 1.5 times the interquartile range from the box. Bone abbreviations are defined in Fig 2. density suggest more nuanced hypotheses about the bases of craniofacial dysmorphology in these mice and in humans with Apert syndrome.
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Below, we discuss the implications of our results and compare them with the results of other studies. Differences in background strain may account for some of the differences between the results of our study and that of others. Direct comparisons between our whole bone measures and those stemming from landmark based morphometrics or cranial suture based histology may not always be appropriate. We attempt to be explicit about differences in the data on which the cited results are based throughout the discussion.
Prenatal Effect
Most cranial bones of Fgfr2 þ/P253R mice display lower mean volumes at E15.5 relative to unaffected littermates (not statistically significant), while several display significantly lower volumes at E16.5. These same bones appear reduced in ossified extent within mCT images at these ages (Fig. 2) . These reductions in whole bone volume appear to disagree with observations made at the coronal suture of different Apert syndrome model mice, where increased osteoid deposition at approximating bone fronts are observed by E15.5 or E16.5 (Holmes et al., 2009 ). The potential reasons for these conflicting results include: differences between the two Apert mouse models; acute and specific dysregulation at the coronal suture; and/or the fact that mCT images display relatively well ossified bone as opposed to the osteoid and collagen deposition typically visualized by cell biology techniques.
Similar volumes across genotypes for most bones at E17.5 suggest a period of volume catch-up for Fgfr2 þ/P253R mice before E17.5. Continued increase leads to larger mean volumes for some bones in P0 Fgfr2 þ/P253R mice, including Max. Although the effect of the P253R mutation on individual bone volume varies across prenatal ages, facial bones and PetT of Fgfr2 þ/P253R mice that display significantly lower volume at E16.5 also display lower relative density across the prenatal period. This suggests that the P253R mutation retards bone maturation starting at initial ossification and that relative density remains reduced even as bone volumes approach or exceed normal levels.
Previous histological observations of the influence of the P253R mutation on local cell activity near cranial sutures may provide a partial explanation for the catch-up in bone volume observed for some bones by E17.5 and P0. Proliferation at the osteogenic fronts of the coronal sutures of Fgfr2 1/S252W mice was reduced significantly at E16.5, although it did not differ at E13.5 or E15.5 (Holmes et al., 2009) . Proliferation was also reduced at E17.5 at the coronal sutures of Fgfr2 þ/P253R mice, but not at E19 or P5 . Concurrent with reduced proliferation, increased osteoblast differentiation was noted at the coronal sutures in Fgfr2 þ/P253R mice between E16.5 and E17.5 (Yin et al., 2008) and between E17.5 and P5 . Decreased proliferation of preosteoblastic cells and increased differentiation associated with the P253R mutation may coincide with known shifts in FGFR expression during osteoblast maturation (Morriss-Kay and Wilkie, 2005) and/or the switch from an expanding population of mesenchymal progenitors to the more typically described ossification front moving outward from intramembranous bone ossification centers (Lana-Elola et al., 2007; Yoshida et al., 2008) . mice can be differentiated from Fgfr2 þ/þ at P0 by brachycephaly, midfacial hypoplasia, an anteriorly displaced cranial base, as well as synostosis of the coronal, maxillaryzygomatic, and premax-maxillary sutures Mart ınez-Abad ıas et al., 2010; Hill et al., 2013) . The bones for which volume is most strongly influenced at E15.5-E16.5 and for which relative bone density is influenced across the prenatal period include bones of the face. Landmark based measures suggest shorter linear scale of facial bones in Fgfr2 þ/P253R mice at P0 Mart ınez-Abad ıas et al., 2010; Hill et al., 2013) as well as reduced growth of the palate and face between E17.5 and P0 (Motch et al., 2012) . However, we find that facial bones display similar (or higher) volumes at E17.5 and P0, indicating a lack of correlation between landmark based and volume based measures of bone scale. Overall, Fgfr2 þ/P253R mice display thicker or squatter facial bones with reduced density at E17.5 and P0.
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If a shift in the balance between osteoblast lineage proliferation and differentiation occurs as described above across all facial bones, this may explain the bone volume catch-up noted in our prenatal results. An increase in osteoblast differentiation at the expense of proliferation (and perhaps migration) may be directly responsible for the increased rate of ossification and the subsequent thicker morphology of many bones of the Fgfr2 þ/P253R mice by E17.5 and P0. It is plausible that the quick increase in volume and thickening of maxillae and premaxillae, which start out smaller than normal at E16.5, may contribute to the overall morphology of midfacial hypoplasia. We also suggest that the thickening of these bones without adequate proliferation and subsequent migration of osteoblast precursors outward may cause the edges of the premaxilla and the maxilla to approach and touch, contributing to the premature fusion of the premax-maxillary suture.
Our results of significant early differences in total bone volume and relative density, followed by evidence of catch-up ossification before birth, highlight the importance of looking at the effect of the P253R mutation on osteoblast lineage activity across whole bones, rather than only focusing on the suture. In combination with landmark based linear measurements, bone volume and relative density provide a more complete picture of the effect of a mutation on gross skeletal phenotype and serve as a basis for hypotheses on changes in cellular mechanisms that underlie pathology.
Postnatal Effect
A second shift in the influence of the P253R mutation on bone volume growth occurs postnatally. Between P0 and P2, Fgfr2 þ/P253R bone volumes increase slower than Fgfr2 þ/þ volumes, leaving several bones that were equal in size at P0, significantly smaller at P2. The postnatal reduction in bone volume growth in this sample is similar to the reduction noted in the Fgfr2 1/Y394C mouse model of Beare-Stevenson craniosynostosis syndrome between P0 and P8 . Many bones Fig. 6 . The functional intercept, age, and genotype coefficients and 95% confidence intervals from prenatal multivariate regressions of relative bone density curves for four bones. The genotype coefficient illustrates how the Fgfr2 þ/P253R mice differ from unaffected littermates, independent of age. The y-axis differs for all plots. A: SquT displays a significant genotype effect between E15.5 and P0, which is opposite from the effect of increased age. The (B) Fro and (C) LatO do not display a significant genotype effect prenatally, but they do display a significant age effect over a wide range of density values. D: Man is among a few bones that displays a weakly significant age effect during the prenatal period. However, it displays a strong genotype effect. Bone abbreviations defined in Figure 2 . Fig. 7 . The functional intercept, age, and genotype coefficients and 95% confidence intervals from postnatal multivariate regressions of relative bone density curves for four bones. The genotype coefficient illustrates how the Fgfr2 þ/P253R mice differ from unaffected littermates, independent of age. The y-axis differs for all plots. The (A) SquT and (B) Fro display significant genotype and age effects between P0 and P2, although the genotype coefficient is not significant over a wide range of bone density values. C: LatO does not display a significant genotype or age effect postnatally. D: Man displays a weakly significant effect of genotype and a strong effect of age during the postnatal period. Bone abbreviations defined in Figure 2 . that displayed lower relative bone density prenatally retain lower relative density postnatally, although it is unclear whether this is based on continued differences in bone maturation between the genotypes or is a carryover from the prenatal period.
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The smaller volumes of many Fgfr2 þ/P253R bones at P2 appear to match the great reduction in skull size noted between P0 and P2 in this model by previous morphometric analyses (Hill et al., 2013) , including reduced size of the palate and rostral cranial base. In addition, the volumes of several neurocranial bones are reduced in P2 Fgfr2 þ/P253R mice, suggesting that the previously noted increase in relative neurocranial height and width (Hill et al., 2013 ) is based on relatively wider fontanelles and sutures rather than increased ossification of the neurocranial elements. Such increased width is likely associated with wide midline calvarial defects, such as that noted in human infants with Apert syndrome (Cohen and Kreiborg, 1998) .
Reduced postnatal Fgfr2 þ/P253R bone volume would not be expected if increased osteoblast differentiation and bone expansion continued until P5 across all bones of the skull, as observed local to the leading ossification edges of the frontal and parietal bones making up the coronal suture . In fact, Par, which makes up one half of the coronal suture border, displays significantly lower volume at P2. These contrasting results illustrate differences in locally focused histological measures and estimates derived from whole bones. Assuming that a decrease in preosteoblastic cell proliferation and increase in differentiation occurs between E16.5 and E17.5, it is possible that postnatal populations of presumptive osteoblasts will be smaller within Fgfr2 þ/P253R bones. A small progenitor cell population may limit the speed of bone growth and density increase via reduced potential for osteoblast differentiation and function. This hypothetical explanation for lower postnatal bone volumes for Fgfr2 þ/P253R mice highlights the need for direct studies of bone cell activity in regions other than the coronal sutures of Fgfr2 mutant mice if we are to understand the global effects of these mutations on craniofacial development from the earliest embryonic periods onward. Given the increasing evidence that facial dysmorphology (Mart ınez-Abad ıas et al., 2010, 2013 ) and brain dysmorphology , Hill et al., 2013 occur as primary effects of known FGFR mutations, rather than secondary to calvarial suture fusion; studying the effect of Apert and other FGFR mutations on development across the head is a necessary step toward developing preventative treatments.
Summary
Using a refined version of our method to quantify bone volume and relative bone density , we quantify the "normal" pattern of early bone growth and maturation of individual mouse craniofacial bones and the influence of the P253R mutation on this pattern. Our results suggest that endochondral (group 1) and intramembranous cranial bones (groups 2 and 3) have fundamentally different patterns of bone maturation during initial osteogenesis. Endochondral bone density increases almost immediately following first ossification, while intramembranous bones retain a moderate or low level of bone density until the postnatal period, even as they significantly increase in volume. Although testing it is beyond the scope of this research, we hypothesize that the lower 'normal' levels of relative density increase in intramembranous bones stems from increased osteoblast lineage cell proliferation at the expense of differentiation during the earliest period of osteogenesis. In addition, further work on bone volume and relative density during the postnatal period will be required to determine whether the relative density of bones from all three groups becomes similar later in development.
Relative to our findings in unaffected littermates, mice carrying the Fgfr2 P253R mutation show initially reduced volumes and relative density of many craniofacial bones during the earliest stages of ossification, including bones of the face that display some of the most serious dysmorphology associated with Apert syndrome. A change in the influence of this mutation on bone volume occurs between E16.5 and E17.5, which could be associated with a previously noted decrease in osteoblast proliferation and increased differentiation at the coronal suture (Yin et al., 2008; Holmes et al., 2009; Wang et al., 2010) . After bone volumes similar to those measured for unaffected littermates are noted across the skull at E17.5 and P0 in Fgfr2 þ/P253R mice, the volumes and relative density of vault bones decrease between P0 and P2, as the overall relative linear scale of the Fgfr2 þ/P253R skull is reduced and cranial dysmorphology increases. Early differences in the volume and relative density of facial bones associated with later suture fusion and midfacial hypoplasia suggest that the developmental changes underlying at least some Apert syndrome associated craniofacial dysmorphology occur during the earliest period of osteogenesis.
We found that facial bones previously shown by landmark based measures to be smaller in perinatal Fgfr2 þ/P253R mice, had bone volumes similar to unaffected littermates at birth. This demonstrates that volumes of ossifying bones do not necessarily covary with landmark based measures of bone extent. Instead of relying on one type of phenotypic measure, the combination of complementary measures from landmarkbased, volume, and relative density analyses provides a more complete picture of gross skeletal phenotype of individual craniofacial bones across the developing skull and illustrates the broader changes in individual bone development and maturation that are associated with craniofacial dysmorphology in Apert syndrome. We have suggested several testable hypotheses throughout our discussion about the cellular bases of noted differences in volume and density. Further work on the cellular activity in skull bones located distant to cranial vault and facial sutures are required to definitively connect the effects of this and other Fgfr mutations at the cellular level with noted differences in gross craniofacial phenotype.
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